proteins in response to cytokine or growth factor receptor activation, resulting in STAT dimerization and translocation to the nucleus for activation of gene transcription. The serine phosphorylation residue can be activated by a myriad of kinases, and its functions are not well understood, though it is thought to be necessary for maximal transcription of STATdependent genes (6) . While overexpression of oncogenic STAT3 in HNSCC has been well described (7) , the impact of STAT1, considered to be a tumor suppressor, has been less well studied. Previous work from our laboratory suggests that STAT1 activation is important for antigen presentation and activation of cytotoxic T lymphocytes in HNSCC and is suppressed at baseline (8, 9) . Additionally our laboratory showed that the clinically effective anti-EGFR monoclonal antibody cetuximab may enhance adaptive anti-tumor immunity in a STAT1-dependent manner (10) . Cisplatin has been shown to activate STAT1 in other (non-tumor) cell types (11) (12) (13) (14) . STAT1-null, non-tumor cells are relatively resistant to cisplatin-induced cell death (11, 14) , and antitumor efficacy of cisplatin may depend on adaptive immunity in HNSCC (15) . Two small clinical trials suggest that high STAT1 staining in tumor specimens may be a good prognostic indicator in HNSCC patients treated with platinum-based chemotherapy (16, 17) .
Based on these findings, we hypothesized that signaling cascades activated by cisplatin and EGFR inhibitors might converge upon STAT1, and that this could potentially explain the lack of additive benefit seen in large clinical trials using these two drugs in combination. In this study, we compared the STAT1 effects on HNSCC cells treated with these drugs alone or in combination as well as the impact on STAT1-induced apoptosis. Tumor specimens were obtained from a clinical trial of HNSCC patients treated with radiation, cisplatin, and the anti-EGFR antibody panitumumab in the adjuvant setting, and staining for phosphorylated STAT1 was compared with survival. These findings have novel implications for combining tumor-targeted antibodies and chemoradiation. 
MATERIALS AND METHODS

Flow cytometry
Following each experimental treatment, cells were harvested with trypsin/EDTA, rinsed in PBS, incubated in Zombie Aqua viability dye for 20 minutes, fixed in 2% paraformaldehyde for 20 minutes, and then permeabilized in 100% methanol overnight at -20° C. Cells were then rinsed in FACS buffer and stained at room temperature for 90 minutes with fluorescent-conjugated antibodies or isotype controls, using dilutions obtained from preliminary titration experiments.
After further washing, flow cytometry was then performed immediately after staining, using a BD LSR Fortessa flow cytometer and BD FACSDiva software. Values obtained for isotype controls were subtracted for each condition.
Cell death assays
Following drug treatments, cells were harvested with trypsin/EDTA, rinsed in PBS, and stained with Zombie Aqua viability dye for 20 minutes. Cells were then stained with FITC-conjugated Annexin V staining kit according to the manufacturer's instructions. Flow cytometry was then performed immediately. Untreated cells were used to delineate the gates for Zombie Aqua and Annexin dyes, since even viable cells demonstrate low-level Zombie Aqua staining. Doublenegative cells were determined to be viable, Annexin-positive cells as early apoptotic, and double-positive cells as late apoptotic. For the TUNEL assay, drug-treated cells were harvested with trypsin/EDTA, rinsed in PBS, fixed in 1% paraformaldehyde, permeabilized in 70% ethanol, stained with the APO-BrdU TUNEL assay kit according to the manufacturer's instructions, and analyzed by flow cytometry. Gating was performed on untreated cells to determine TUNEL positive vs. negative cells.
STAT1 Small Interfering RNA (siRNA)
Cells were transfected at 30-40% confluence with 10 nM STAT1 or control siRNA with Lipofectamine RNAiMAX and Opti-MEM (Life Technologies) according to the manufacturer's instructions. Cells were incubated in antibiotic-and serum-free IMDM Glutamax with siRNA for 48 hours, then rinsed with PBS prior to drug treatments.
STAT1 siRNA from Ambion (siRNA ID #s277) was used with the following sequences: For verification, a second STAT1 siRNA from Ambion (siRNA ID #s279) was used with the following sequences:
Western blots
Following knockdown experiments, cells were rinsed with PBS. Whole cell extracts were obtained by incubating on ice for 30 minutes in radioimmunoprecipitation assay (RIPA) buffer including protease inhibitors (Roche), then centrifuged at 15,000 x g for 20 minutes at 4 degrees C and supernatants collected. Protein concentration was standardized using a BCA Protein Assay kit (Pierce). Samples were resolved by SDS-PAGE (Lonza), then transferred to a PVDF membrane (Millipore). Membranes were then immunoblotted with STAT1 and β−actin antibodies.
Immunohistochemistry of tumor specimens
Tumor specimens were obtained from a clinical trial (UPCI 06-120, NCT00798655) of patients with high-risk, advanced (stage III or IV) resectable HNSCC treated with surgery followed by adjuvant radiation and weekly cisplatin (30 mg/m 2 ) and panitumumab (2.5 mg/Kg). Most tumors were from oral cavity or laryngeal sites, and all but one were HPVnegative. Tumor specimens were obtained at the time of surgical resection, prior to adjuvant therapy. Preparation of paraffin sections, H&E staining and immunohistochemistry for phosphoSTAT1 serine and tyrosine residues were performed as previously described (8 
RESULTS
Cisplatin and cetuximab induce cell death in multiple HNSCC cell lines
To investigate the degree of cell death of HNSCC cells treated with cisplatin or EGFR inhibitors, two cell lines (JHU029 and PCI13, HPV-negative) were treated with a range of doses of cisplatin and cetuximab, and cell death was investigated using Annexin V and TUNEL assays ( Table 1 ). Based on these results, further experiments were done using cisplatin (6 μg/ml), an anti-EGFR monoclonal antibody (cetuximab or panitumumab, 10 μg/ml) or the EGFR tyrosine kinase inhibitor gefitinib (1 μM), alone or in combination for 24 hours. The chosen dose of cisplatin is consistent with the peak serum concentration following standard-of-care doses of cisplatin for head and neck squamous cell carcinoma (100 mg/m 2 ) (21). The dose of cetuximab and panitumumab has been found in prior studies to effectively block EGFR signaling but is well below the peak serum concentration following most standard clinical regimens (22) (23) (24) . The gefitinib dose was chosen to provide EGFR blockade (based on preliminary experiments) while limiting off-target effects. Cisplatin and cetuximab alone induced significant apoptosis in both cell lines, which was more pronounced when the drugs were used together (Table 1 ; Figures 1A and 2A, top panels).
STAT1 siRNA knockdown modestly attenuates cisplatin-induced cell death but may enhance cetuximab-induced cell death in some HNSCC cell lines
STAT1 activation often induces cell death, and cisplatin-induced p-S727-STAT1 has been associated with cell death in other non-tumor cell types (11, 12, 14) . We hypothesized that siRNA knockdown of STAT1 would attenuate cisplatin-induced cell death in HNSCC cells. Cisplatin-induced cell death was modestly attenuated by STAT1 siRNA knockdown in both cell lines (Figures 1 and 2 ). Cetuximab-induced cell death was unaffected by STAT1 siRNA knockdown in PCI13 cells and exacerbated in JHU029 cells. When cetuximab was added to cisplatin, cell death was increased in JHU029 cells but unaffected in PCI13 cells, with no effect of STAT1 siRNA knockdown in either cell line. 
Cisplatin induces phosphorylation of STAT1, which was either attenuated or unaffected by EGFR inhibition in different HNSCC cell lines
Based on the different patterns of STAT1-induced apoptosis seen in JHU029 and PCI13 cells, we hypothesized that STAT1 activation might differ in these two cell lines following treatment with cisplatin and/or cetuximab. In preliminary experiments, we treated these two cell lines with a range of cisplatin and cetuximab doses and measured levels of phosphorylated STAT1 by flow cytometry (Table 1) . Based on these results, we then treated these two cell lines and a third, HPV-positive cell line (SCC90) with cisplatin (6 μg/ml), an anti-EGFR monoclonal antibody (cetuximab or panitumumab, 10 μg/ml) or the EGFR tyrosine kinase inhibitor gefitinib (1 μM), alone or in combination. In all three cell lines, cisplatin alone increased levels of STAT1 phosphorylation at the serine 727 residue, but not the tyrosine 701 residue, as previously found in other non-tumor cell types (11, 12, 14) . Cisplatin-induced p-S727-STAT1 was noted as early as 4 hours and peaked at 8 hours (Figure 3 ). While EGFR inhibitors had no effect on STAT1 phosphorylation in PCI13 or SCC90 cells, all three EGFR inhibitors decreased both baseline and cisplatin-induced STAT1 phosphorylation at both residues in JHU029 cells (Figure 3 ). The degree of decreased p-S727-STAT1 noted with EGFR inhibition in JHU029 cells suggests that EGFR may account for some or all of the STAT1 serine phosphorylation in these cells, but not in PCI13 or SCC90 cells.
EGF activates STAT1 in Some HNSCC cell lines
While it is well established that EGFR can activate STAT3, STAT1 activation by EGFR has been reported rarely in the literature and primarily in cells that overexpress EGFR (25) . Noting that STAT1 phosphorylation was decreased by EGFR inhibitors in JHU029 cells, we hypothesized that EGF could activate STAT1 in these cells. All cell lines were treated with EGF (10 ng/ml) or cisplatin (6 μg/ml) alone or in combination. EGF alone caused an increase of p-S727-STAT1 only in JHU029 cells, with no additive effect when cisplatin was added ( Figure 4A ). EGF caused p-Y701-STAT1 to increase dramatically in JHU029 cells and modestly in SCC90 cells ( Figure 4B ). p38 MAP kinase is not responsible for cisplatin-induced STAT1 serine phosphorylation STAT1 serine phosphorylation in the absence of tyrosine phosphorylation has been reported following various forms of cell stress such as UV irradiation (26) . Upstream kinases implicated in STAT1 serine phosphorylation include EGFR, ERK, JNK, and PKC delta, but perhaps the best studied upstream kinase is p38 MAP kinase (26, 27) . Since EGFR inhibition did not seem to affect cisplatin-induced p-S727-STAT1 in PCI13 and SCC90 cells, we investigated whether p38 activation might occur following treatment with cisplatin. Since p-S727-STAT1 was first noted at 4 hours, we treated all cell lines with cisplatin for 30 minutes, 1 hour, 2 hours, or 4 hours and checked intracellular levels of phospho-p38 ( Figure   4C ). A combination of anisomycin (25 μg/ml) and lipopolysaccharide (LPS, 1 μg/ml) was used to stimulate p38 phosphorylation as a positive control. Cisplatin caused a modest increase in phospho-p38 levels by 4 hours only in JHU029 cells; consistent with this, 12-hour pretreatment with the p38 inhibitor SB203580 decreased cisplatin-induced p-S727-STAT1 by 15% at 8 hours in this cell line. There was no increase in phospho-p38 noted in SCC90 or PCI13 cells following cisplatin treatment, suggesting that p38 is not the primary kinase responsible for STAT1 serine phosphorylation following cisplatin treatment in these cell lines.
STAT1 phosphorylation in HNSCC tumors does not appear to be a favorable prognostic marker in patients treated with adjuvant cisplatin and panitumumab As described above, large clinical trials have shown no added benefit from EGFR inhibitors when used with standard platinum-based chemoradiation regimens for HNSCC. It is unclear, however, whether specific tumor biomarkers might help identify patients more likely to benefit from the combination of cisplatin, radiation and EGFR inhibitors. Two prior small clinical studies suggest that high levels of intratumoral STAT1 might be a favorable prognostic marker for HNSCC patients treated with chemotherapy (16, 17) . To explore whether STAT1 might be a biomarker of response to cisplatin and EGFR inhibition, we obtained tumor specimens from patients with advanced, high-risk HNSCC treated with surgery followed by adjuvant radiation, cisplatin and panitumumab. Specimens from untreated patients were stained for p-S727-STAT1 and p-Y701-STAT1, and survival data were collected following surgery and adjuvant chemoradiation plus panitumumab. Interestingly, a trend toward worse overall survival was observed in patients whose tumors displayed higher than the mean level of p-S727-STAT1 (p = 0.06; Figure 5 ). A similar trend was seen for progression-free survival, again without reaching statistical significance (data now shown). 
DISCUSSION
STAT1 is a tumor suppressor that may contribute to cell death following several types of cell stress (6) . Based on the current study and prior studies, STAT1 appears to contribute to cisplatin-induced cell death in tumor cells and in cisplatin-sensitive normal cells (11) (12) (13) (14) . To our knowledge, this is the first study of cisplatin-induced STAT1 activation in tumor cells. Activation was specifically seen at the serine phosphorylation residue, and STAT1 siRNA knockdown reduced cisplatin-induced cell death in multiple cell lines. While attenuation of cisplatin-induced cell death with STAT1 siRNA knockdown in the current study was modest, it was consistent and statistically significant, despite the fact that STAT1 siRNA knockdown itself induced some degree of death in otherwise untreated cells. Absence of STAT1 without the offtarget effects of siRNA transfection might result in greater attenuation of cisplatin-induced cell death.
EGFR inhibitors had more variable effects on STAT1 activation, dramatically decreasing baseline and cisplatininduced pSTAT1 levels in JHU029 cells but not in SCC90 or PCI13 cells. Similar results were seen in JHU029 cells with two different anti-EGFR monoclonal antibodies and with an anti-EGFR tyrosine kinase inhibitor, indicating that this effect is EGFR-specific. The results were not as pronounced with gefitinib, which may be due to submaximal EGFR inhibition at a dose of 1 μM. Our laboratory has seen improved EGFR inhibition using a gefitinib dose of 6 μM, however a dose of 1μM was chosen in order to limit potential off-target effects. Consistent with reduced levels of phosphorylated STAT1 seen with EGFR inhibitors in JHU029 cells, EGF markedly increased p-S727-STAT1 and p-Y701-STAT1 levels in this cell line with no additive effects seen with cisplatin. Taken together, these data suggest that EGFR may be the primary upstream kinase responsible for cisplatin-induced STAT1 serine phosphorylation in some cell lines. Interestingly, though a similar degree of cisplatin-induced STAT1 serine phosphorylation was seen in PCI13 and SCC90 cells, our data suggest that neither EGFR nor p38 is the primary kinase responsible for increased p-S727-STAT1 in these cell lines.
While tyrosine phosphorylation of STAT1 has been well studied, the events upstream and downstream of STAT1 serine phosphorylation are not as well understood. It has been suggested that serine phosphorylation contributes to STAT1-induced apoptosis and maximization of STAT1 transcriptional activity following tyrosine phosphorylation (6, 26, 27) . Though p38 is perhaps the best studied upstream kinase to date, other kinases described in the literature as directly or indirectly upstream of p-S727-STAT1 include protein kinase C delta, JNK, MEK, MSK1, PI3K/Akt, and ERK (26) (27) (28) (29) . In addition to the current study, we were able to find one other report of STAT1 serine phosphorylation following treatment of cells with EGF (26) . Our study suggests that in different cell lines varying upstream pathways are activated by cisplatin, converging on p-S727-STAT1 activation and contributing to cell death in HNSCC cells.
Though cisplatin-induced STAT1 serine phosphorylation and cell death appear to be consistent across cell lines and cell types, the addition of EGFR inhibitors may have dramatically different effects depending on the cell line or type.
In the current study, the addition of EGFR inhibitors to cisplatin resulted in decreased pSTAT1, yet enhanced cell death in JHU029 cells; in contrast, EGFR inhibitors had no significant effect on levels of phosphorylated STAT1 or cell death in PCI13 cells. A study of diverse cell lines that overexpress EGFR (similar to HNSCC cells) showed cisplatin-induced EGFR activation, and EGFR inhibition protected the cells from cisplatin-induced cell death (30) . Similarly, in a study of HNSCC cell lines cisplatin-induced EGFR phosphorylation and subsequent degradation were found to correlate with cisplatin-induced cell death, which was attenuated by EGFR inhibition (31). Taken together, data from the current study and the literature suggest that adding an EGFR inhibitor to cisplatin can have highly variable effects on STAT1 phosphorylation and cell death, even among different cell lines from the same cancer type. It would thus be of great benefit to find a biomarker allowing identification of patients whose tumor cells are likely to be further damaged, rather than protected, from the use of anti-EGFR therapy in addition to standard platinum-based regimens.
Based on our in vitro findings, we hypothesized that phosphorylated STAT1 might be a biomarker of response to combination cisplatin and anti-EGFR therapy. We obtained specimens from patients later treated with adjuvant cisplatin and radiation combined with panitumumab. Panitumumab is a fully humanized, non-immunogenic anti-EGFR antibody, and thus a good choice for approximation of our in vitro experiments which did not include any immune cells. We noted a trend toward worse survival with high levels of intratumoral phosphorylated STAT1, particularly for p-S727-STAT1. This did not quite reach statistical significance (p = 0.06), perhaps due to the small number of patients. The finding that increased levels of phosphorylated STAT1 might be a poor prognostic indicator is in contrast to our in vitro results showing that p-S727-STAT1 contributes to cell death following cisplatin; however, persistent/constitutive activation of STAT1 has been shown to enhance survival despite treatment with cytotoxic drugs and other forms of cell stress (32).
These data indicate that high baseline STAT1 activation may reflect an escape phenotype different from inducible, liganddependent STAT1 activation, which is reversible by oncologic EGFR inhibition or cisplatin.
Two other small clinical studies have explored STAT1 as a biomarker in HNSCC. Laimer and colleagues (16) found that high levels of STAT1 in HNSCC tumor specimens correlated with improved survival in patients treated with on June 20, 2017. © 2015 American Association for Cancer Research. mct.aacrjournals.org Downloaded from 11 adjuvant platinum-based chemotherapy, which is opposite the trend seen in our study. This study was similar to ours in terms of the number of patients, tumor characteristics such as anatomic subsite and stage, and method for dividing patients between high and low STAT1 staining groups. The authors stained for total STAT1 and assessed nuclear staining, so presumably the STAT1 that they assessed was phosphorylated. However, the majority of the included patients were treated by surgery followed by adjuvant chemotherapy alone, without radiation, which is not a common regimen recommended by National Comprehensive Cancer Network (NCCN) guidelines. In contrast, all of our patients were treated with adjuvant chemoradiation consistent with NCCN guidelines. Another study by Pappa and colleagues (17) found that high p-Y701-STAT1 staining correlated with improved survival in oral cavity carcinoma patients treated with adjuvant chemotherapy. This study assessed STAT1 staining in a similar manner to our study; however, there was a high proportion of lower-stage tumors, and the specific drugs or regimens of chemotherapy were not described. Despite the different methodologies in these two studies, it is possible that the opposite survival trend noted in our study may be in part attributable to panitumumab. However, based on the limited number of patients included in all three studies, no definitive conclusions can be made on the role of STAT1 as a biomarker for response to cisplatin and/or anti-EGFR therapy in HNSCC patients.
In conclusion, cisplatin appears to consistently activate STAT1, contributing to cell death, but the addition of EGFR inhibitors can have unpredictable effects on STAT1 activation and cell death in HNSCC. Larger studies are needed with cetuximab alone in a separate treatment arm, to determine whether STAT1 may be a useful biomarker for response to these drugs alone or in combination. 
